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Abstract
We report the first clear observation of neutron/gamma-ray pulse-shape sensitivity of a fully-instrumented 8 × 8 array of plastic
scintillator segments coupled to two 5 cm × 5 cm 64-channel SiPM arrays as part of a study of the key metrics of a prototype
antineutrino detector module designed for directional sensitivity. SANDD (a Segmented AntiNeutrino Directional Detector) will
eventually comprise a central module of 64 elongated segments of 6Li-doped pulse-shape-sensitive scintillator rods, each with a
square cross section of 5.4 mm × 5.4 mm, surrounded by larger cross section bars of the same material. The most important metrics
with the potential to impact the performance of the central module of SANDD are neutron and gamma-ray pulse-shape sensitivity
using silicon photomultipliers (SiPMs), particle identification via scintillator rod multiplicity, and energy and position resolution.
As a first step, we constructed a prototype detector to investigate the performance of a central SANDD-like module using two
64-channel SiPM arrays and rods of undoped pulse-shape-sensitive plastic scintillator.
Keywords: pulse-shape discrimination, neutron imaging, reactor antineutrinos, segmented plastic scintillator, non-proliferation,
SiPM arrays
1. Introduction
In recent years, reactor antineutrino detection has become
relatively straightforward, so much so that it is now possible to
make multiple identical detectors with efficiencies that differ by
only 0.2% [1]. However, two outstanding problems relating to
backgrounds remain. The first and most prevalent background
is caused by fast cosmic-ray-induced neutrons, which can pro-
duce antineutrino-like correlated signals from proton recoils
followed by neutron capture. Such correlated signals cannot
be distinguished from true antineutrinos without particle iden-
tification. The second background concerns antineutrinos from
neighboring reactors. Since most of today’s detectors are at best
minimally sensitive to antineutrino direction, it is impossible to
determine if an antineutrino came from a reactor of interest or
from other reactors that produce appreciable antineutrino flux
at the detector location. In this paper, we describe the design
and the results of a characterization study of a prototype mod-
ule designed primarily for sensitivity to antineutrino direction
and for reducing surface-related backgrounds.
Reactor antineutrinos can be detected via inverse beta decay,
ν¯e + p = e+ + n. (1)
The relative positions of the positron annihilation and neu-
tron capture can reveal the direction of the incoming antineu-
trino [2]. The correlation is weak, however, producing a shift
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of only ∼ 1.5 cm on average. The neutron capture uncertainty,
however, is somewhat larger, depending on the 6Li concentra-
tion. Large numbers of events and good position resolution for
both interactions would be required [3, 4] to achieve sensitiv-
ity. The detection medium must contain hydrogen in order to
facilitate this inverse beta decay reaction. For reasons asso-
ciated with light output and attenuation length, most success-
ful experiments are based on liquid organic scintillator [4–20].
Most include a neutron capturing dopant such as Gd or 6Li to
maximize the neutron-capture efficiency and reduce the neutron
diffusion time to capture. Gd capture produces a gamma-ray
shower, which results in a poor determination of the position of
the capture. 6Li capture, however, produces a triton and an al-
pha, which in principle can allow for better position resolution.
As discussed by the NuLat collaboration [21], there are ad-
vantages to using plastic rather than liquid scintillator. First
is deployability; liquid scintillator must be blanketed with in-
ert gas, can be chemically aggressive and flammable, requires
careful engineering to adjust for atmospheric pressure changes,
and can leak. Second, if antineutrino directional sensitivity is
desired, plastic enables fine segmentation, which can contribute
heavily to the key requirement of better position resolution. Un-
til now however, 6Li-doped plastic scintillators have not rivaled
liquid scintillator in terms of pulse-shape discrimination (PSD)
or light output performance. Most of the plastic detectors devel-
oped recently have employed non-homogeneous configurations
with a separate neutron capturing material [22–25]. The excep-
tion is miniTimeCube [26], which employed plastic scintillator
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doped with 10B; however, it did not have pulse-shape sensitivity
and was a monolithic detector1.
An above ground antineutrino detector must differentiate rare
correlated positron and neutron-capture events from more com-
mon uncorrelated gamma rays and neutron-induced proton re-
coils. If this can be done with minimal shielding from cos-
mic rays, detector technology may be able to transition toward
smaller and more mobile concepts of interest to safeguards
organizations. The segmented antineutrino directional detec-
tor (SANDD) will be constructed of a new form of 6Li-doped
pulse-shape-sensitive plastic scintillator. The choice of 6Li as a
dopant is motivated by its high capture cross-section for thermal
neutrons, the localized energy deposition of its capture prod-
ucts, and its production of distinguishable differences in pulse
shape. In organic scintillators, neutron interactions such as pro-
ton recoils and neutron capture on 6Li produce higher concen-
trations of molecular triplet states, which yield a longer light
pulse than electrons. Pulse-shape sensitivity provides a crucial
ability to distinguish neutron elastic-scattering and capture in-
teractions from those of gamma-ray scattering. Small samples
of this scintillator have been manufactured in recent years [27–
29]. However, for construction of SANDD, these materials
need to be manufactured at larger scale.
SiPM array
PSD Plastic Rods
SiPM array
Figure 1: An illustration of the prototype module characterized in this work.
The module has similar characteristics to the SANDD central module design,
featuring an 8 × 8 array of undoped PSD plastic-scintillator rods. Signals from
the scintillator segments are read individually at each end by the SiPM arrays.
The prototype detector described here was built with an early
form of PSD plastic scintillator without the incorporation of
6Li. The ability to manufacture undoped PSD plastic pre-
ceded the 6Li-doped plastic by about 6 months. The present
prototype was built in order to test the data acquisition sys-
tem (DAQ) and to study some of the key metrics that will
impact the performance of the final SANDD module. These
include pulse-shape sensitivity when using a dual 64-channel
silicon photomultiplier (SiPM) readout, light transport along
the scintillator rods, particle identification from segment mul-
1miniTimeCube could potentially be a successful antineutrino detector de-
sign, but would require a significant breakthrough in fast-timing high-channel-
density readout electronics.
tiplicity, and energy and position resolution. The detector con-
structed for this test incorporates 64 rods of PSD plastic scin-
tillator of size 5.4 mm × 5.4 mm × 112 mm arranged in an
8 × 8 array. One 64-pixel SiPM array (SensL J-60035 se-
ries, 50.44 mm × 50.44 mm) is mounted at each end of the
scintillator-rod array. The J-series SiPMs used in this work have
22,292 35-µm microcells per pixel and typically are operated at
a bias of between 2 and 6 V above the breakdown voltage of
24.5V . The peak efficiency at 420 nm is between 38 − 50%
and dark rates of between 50−150 kHz/mm2, depending on the
bias. Each pixel had an active area of 6.13 mm × 6.13 mm, with
a 0.2-mm gap between each pixel.
More details on this emerging technology can be found in the
original reports [30, 31] and references therein. A schematic
that illustrates the general design features of the prototype is
shown in Fig. 1.
For antineutrino detection, the segmentation afforded by the
use of square cross-section rods of scintillator directs photons
up and down towards the two SiPM arrays, allowing for posi-
tion reconstruction in the plane perpendicular to the direction
of the scintillator rods. In the following, the z axis of the de-
tector is defined as parallel to the scintillator rods, while the
x-y plane is defined as perpendicular to the scintillator rods.
The other advantage of segmentation is the ability to determine
particle type based on the number of segments that have en-
ergy deposited in them. For neutron-induced proton recoil or
neutron capture on 6Li, the resulting protons, tritons, and al-
phas are predicted to deposit the bulk of their energy within a
single rod. Compton-scattered electrons or inverse-beta-decay
positrons, however, are predicted to deposit their energy over a
longer range, often producing light in two or more contiguous
rods. The annihilation gamma rays from a positron may travel
a significant distance before depositing energy in the detector.
The exploitation of differences in range and rod multiplicity
for neutron interactions compared to other particles (gammas,
betas, muons) adds another independent discriminant to differ-
entiate rare antineutrino interactions from backgrounds. This
complements pulse-shape discrimination and positron-neutron
position and time correlation. We report on measurements of
particle identification via multiplicity in Section 5.2.
In this paper, we focus on the following performance metrics:
1. Neutron/gamma pulse-shape discrimination capability
2. Light transport and position resolution along the scintilla-
tor rods
3. Relative energy resolution for different configurations
4. Particle identification via rod multiplicity
Significantly, for SANDD and other similar segmented-detector
designs, we report possibly the first observation of PSD in a seg-
mented plastic scintillator array coupled to 64-channel SiPM
arrays.
2. The detector
The plastic scintillator used in the prototype was fabricated
with the aim of developing meter-scale PSD plastic scintillator.
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A full description of the development of large-scale PSD plastic
scintillators suitable for antineutrino-detection applications will
be described in an upcoming publication. The scintillator fabri-
cation process is summarized as follows. Styrene and divinyl-
benzene (DVB) were distilled and degassed immediately be-
fore use. In a nitrogen-purged glovebox, appropriate quantities
of 2,5-diphenyloxazole (PPO), 1,4-bis(2-methylstyryl)benzene
(bis-MSB), and DVB were added to styrene to make mass
fractions of 30%, 0.2%, and 5%, respectively. An amount
of 0.05% 1,1-bis(tert-butylperoxy)-3,3,5-trimethylcyclohexane
(L-231 initiator) was added, and then the resulting solution was
poured into an aluminum mold. The mold was sealed, removed
from the glovebox, and placed in a nitrogen-purged oven for
polymerization. The polymerization temperature profile was
optimized to eliminate air bubbles and maximize polymeriza-
tion completion. After polymerization, the solid scintillator
block was removed from the mold and machined into sixty-four
rods of size 5.4 mm × 5.4 mm × 112 mm. The resulting rods
were polished by standard optical polishing techniques.
The scintillator rods were supported by an 8 x 8 square plastic
frame that was fitted to each SiPM. The frame maintained the
alignment of each scintillator rod with its own SiPM channel
while keeping them all separated. Two rod-alignment frames,
the scintillator rods and the SiPM arrays are shown together in
Fig. 2 and were placed in a light-tight enclosure.
The plastic scintillator rods were optically coupled to the
SiPM arrays using BC-630 silicone optical grease. The two
SiPM arrays, shown in Fig. 3, were individually powered. The
SiPM operating voltage was set at 30 V for most of the non-
amplified tests and at 27 V for tests with the 10×-gain ampli-
fiers. The combination of the amplification and lower bias volt-
age was chosen to reduce noise in the SiPM array signals.
Figure 2: The prototype detector’s full assembly: 64 PSD plastic-scintillator
rods are “sandwiched” in between two 64-channel SiPM arrays.
One of the key components of the detector is an interconnect
board for reading out the individual signals from all 64 channels
of each SiPM array, while preserving the pulse-shape informa-
tion from the PSD plastic photon-emission profile. The first
such boards, obtained from Ultralytics, were designed to gen-
erate the fast differential output of the SiPM array. Although
these boards have good energy resolution and fast timing, the
differential output does not preserve the pulse-shape differences
present in the scintillator luminescence. A second iteration of
this board, designed for this experiment and also from Ultr-
alytics, produced a “slow-output” or non-differential readout.
The two boards are shown in Fig. 4. The fast-output card
has balun transformers (64 in total, one per channel), result-
ing in output pulses with short (∼10 ns) decay time, long over-
shoot below baseline, and little PSD information. In contrast,
the pulses from individual SiPM-array pixels coupled with the
slow-output cards have a decay time of approximately 200 ns.
Figure 3: Two SiPM 8 × 8 arrays (front and back) used in the experiment.
Figure 4: Two types of interconnect SiPM cards: with fast-output (left) and
slow-output (right). The SensL array-J SiPMs are connected to the two connec-
tors on the card. The fast output card has 64 balun transformers (visible in the
left module).
The DAQ system comprises eight 16-channel VME Struck
SIS3316 digitizer modules (250 MS/s, 14 bit, 5 V dynamic
range), providing 128 individually-triggered full-waveform
channels in total. A simple trigger implementation was chosen
so that any one of the 128 channels over threshold triggers the
recording of a 400-sample-long waveform from that channel. A
threshold of approximately 0.1 MeVee was employed for all of
the data presented in the following. This simple trigger allows
for either multi- or single-rod events to be recorded for later
analysis. Waveforms are sent to disk as each digitizer buffer
fills. An event builder was implemented in software to time-
sort and combine the waveforms that occur within 1 µs as sin-
gle “events”. An example of a 400-sample (1600 ns) waveform
is shown in Fig. 5. The integration times used to determine the
waveform pulse shape are adjustable and were optimized using
calibration data from neutron and gamma-ray sources (see Sec-
tion 3). In the analysis, an energy deposit must trigger the SiPM
pads on both ends of the scintillator rod for it to be considered
a real event trigger.
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Figure 5: A typical slow-output waveform from one of the SiPM-array pixels
acquired using 250-MHz Struck SIS 3316 digitizer module, with 10× amplifi-
cation, before pedestal subtraction.
The DAQ is controlled from a Linux desktop machine via a
fiber-optic VME-to-PCI interface (Struck SIS 3100/1100). The
raw data from the digitizers is stored in ROOT format [32], and
then processed by a series of ROOT routines to handle the event
building and analysis.
3. Calibration and analysis
Each waveform saved to disk consists of 400 samples over
1600 ns. The first step in the analysis procedure is the calcula-
tion of the pedestal. The pedestal for each channel is simply an
average over the first 60 samples (240 ns) of each waveform. A
PSD-analysis routine is subsequently applied to determine if the
pulse shape is neutron-like or gamma-ray-like. Since the light
output from the scintillator due to neutron interactions produce
longer light pulses, we employ a simple Qtail/Qtotal metric for
each event as follows:
Qtail
Qtotal
=
rods∑
i
√
QA itailQ
B i
tail
rods∑
i
√
QA itotalQ
B i
total
(2)
where the sums are over the rods with triggered pixels on both
ends (both SiPM A and SiPM B sides) and exclude rods with
either A or B triggered end; the tail and total charges (Qitail and
Qitotal) for each channel are integrated over the following time
intervals (see Fig. 5):
0 ns ≤ Ttotal ≤ 880 ns (3)
112 ns ≤ Ttail ≤ 880 ns, (4)
where T = 0 ns is defined as the start time of the charge integra-
tion, 20 ns (5 samples) before the leading edge of each pulse.
These integration times were determined from an optimization
analysis described in Section 5.1.
z = 0
z
112 mm
Dark box
Pb collimatorPb collimator
γ source
5 mm
Figure 6: A top-view diagram of the setup with collimated 137Cs source, used
for energy/position calibration. The vertical slit is 5-mm wide. The source is
15 cm away from the enclosure and ∼18 cm away from the closest rod.
To ensure uniformity of response from all 128 channels
in contact with scintillator, each 64-channel SiPM array was
evenly illuminated with pulses of light from an LED, and then
the gain was corrected to equalize all the channels. The scintil-
lator bars were subsequently coupled to the SiPMs and a colli-
mated beam of 137Cs 662 keV gamma rays was directed at the
scintillator volume at a position corresponding to z = 0 (the
center, see Fig. 6). The charge spectra from each of the chan-
nels were obtained and the Compton edges for each channel
identified and assigned a corresponding charge value. The dif-
ferences among the channels were attributed to differences in
coupling efficiency between the scintillator rods and the SiPM
pads. The apparent signal intensities of each channel were then
corrected relative to the SiPM channel with the largest Comp-
ton edge charge value, so that all channels generated an equiv-
alent response. Following calibration, the measured charge at
both ends of each scintillator rod can be correlated to the event
energy by assuming that the signal measured depends exponen-
tially on the distance along the rod as follows [33]:√
EAEB =
√
(Ee−z/αe f f )(Eez/αe f f ) = E, (5)
where EA and EB are energy depositions (in arbitrary charge
units) as measured by SiPM A and B, respectively. The geo-
metric mean of the light output recorded at the two ends of the
rod is proportional to deposited energy and does not depend on
the z—coordinate.
Following calibration, the detector was ready for physics
events. For instance, Fig. 7 shows an example of the detec-
tor response to a cosmogenic-muon candidate, as mapped onto
SiPM A and B from the point of view of a coordinate system
defined by the arrangement of the scintillator rods. Fig. 8 shows
the coordinate system used and a visualization of a hypothetical
muon track through the scintillator rods.
Fig. 9 shows the PSD and the total energy detected in the 64-
rod module for an uncollimated 137Cs source following calibra-
tion. The Compton edge is situated at approximately 500 keVee.
To define the conversion factor between charge and energy, we
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Figure 7: An event attributed to a cosmogenic muon passing through the detector and mapped onto both SiPM A and B from the reference frame of the scintillator
rods (see Fig. 8 for an example). The left and center panels show the charge collected on SiPM array A and B, respectively; the right panel shows the combined
signal where the total charge in each scintillator rod is combined according to Eq. 5.
Figure 8: A visualization of a cosmogenic muon (shown in red) passing through
the detector. The rods with energy deposited by the muon are shown in yellow,
while the rods missed by the muon are shown in green.
fit a Gaussian to the 137Cs spectrum at the Compton-edge re-
gion; we defined the mean as 477 keVee. The ratio of the stan-
dard deviation to the mean is referred to as the energy resolution
(∼ 16% at the 137Cs Compton edge). Also shown is the pulse
shape quantified in terms of Qtail/Qtotal as a function of energy,
where energy is defined for any particle as the equivalent en-
ergy of an electron (MeVee), determined using Equation (5).
The equivalent PSD plot for an uncollimated 252Cf source is
presented in Section 5.1.
4. Performance metrics
4.1. SiPM signal characteristics and amplification
Despite the lack of meaningful PSD information available
from the fast-output boards, satisfactory energy sensitivity was
nevertheless obtained. Fig. 10 shows a series of spectra ob-
tained for 137Cs — with and without amplifiers, and utilizing
both slow and fast outputs. The best performance, which we
define here as the sharpest Compton edge, was achieved using
slow-output readout and amplifiers (eight 16-channel, 10×-gain
fast-amplifier CAEN N979 modules), though the improvement
over fast readout was almost negligible.
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Figure 9: Top: a distribution of Qtail/Qtotal vs Energy for 137Cs source. Bottom:
spectrum (x-axis projection of top plot). Inset: a distribution of Qtail/Qtotal with
total energy above 300 keVee.
Another test of the calibration is to measure the relative
amount of signal observed in SiPM A and SiPM B as a function
of z position. After calibration, events that occur at z = 0 should
produce an equivalent signal at SiPM A and B. The ratio RAB,
which we refer as the AB ratio, is defined as
RAB ≡ QAQA + QB , (6)
where QA and QB represent the charge collected on SiPM A and
B respectively. In the following, RAB will be used to determine
the z position of each event. In order to maximize position sen-
sitivity, the AB ratio was calculated only for the rod with the
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Figure 10: Comparison of 137Cs spectra for different readout configurations.
These tests were performed without teflon wrapping.
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Figure 11: A plot of the charge observed in SiPM A as a fraction of the summed
charge observed from A and B. Two energy ranges are plotted to illustrate the
improvement in AB ratio resolution that occurs with increasing energy: 0 to 0.3
MeVee and 0.3 to 0.6 MeVee. Both curves were scaled to the same peak height
to emphasize the improvement in resolution.
largest energy deposit. Fig. 11 represents the AB ratio distribu-
tions for a 137Cs source collimated at z = 0, for two different
energy ranges.
4.2. Teflon wrapping of scintillator
We also experimented with wrapping the scintillator bars
with Teflon in an attempt to maximize light output. Although
the light yield increased slightly when wrapped, we found that
the light transport as a function of distance along the scintillator
rods suffered. Fig. 12 illustrates this effect, for both amplified
and non amplified output data, with and without Teflon. The
two flattest curves, indicating minimum signal loss with rod
length, were from non-Teflon-wrapped data runs. We do not
know the cause of this effect, however, one possibility might
be that the Teflon slightly impacts the effective total internal re-
flection (TIR) along each scintillator rod. Since the aspect ratio
of the scintillator rods is large, the TIR photons reflect mul-
tiple times before reaching a SiPM. If a photon leaks from a
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Figure 12: The AB ratio as a function of collimated beam z position (see Fig. 6
and Eq. 6) for four different detector configurations. The error bars shown here
indicate the width of the RAB distribution (the event-by-event uncertainty), not
the uncertainty in the mean at each beam position.
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Figure 13: Comparison of 137Cs spectra with and without Teflon wrapping of
the rods.
rod due to imperfect TIR, it undergoes diffuse reflection off the
Teflon and cannot resume its former TIR trajectory. These pho-
tons eventually absorb after many reflections. The use of Teflon
seems to make no difference to the energy resolution, as shown
in Fig. 13.
The tests to investigate effects of the readout boards, amplifi-
cation and Teflon wrapping were all performed on a 9-rod ver-
sion of the prototype detector for the sake of convenience. Once
the optimal configuration was found, the prototype was filled
with the remaining rods of the 64-rod assembly. The optimal
configuration was to bias the SiPMs at a slightly lower voltage
while using amplifiers, and to use non-Teflon-wrapped rods (to
maximize light transport along each rod). We will show below
the effect of using the slow-output interconnect cards for PSD.
We note that the full 64-rod assembly had a more prominent
137Cs Compton edge than the 9-rod configuration, as shown in
Fig. 14. This is because each rod is situated .1 mm from its
neighboring rods. Compton-scattered electrons that exit one
rod immediately enter a neighboring rod, ensuring that little of
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the deposited energy is lost, contributing to the Compton edge.
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Figure 14: Comparison of 137Cs spectra with 9 vs 64 rods.
Another important issue to consider is that in some cases we
observed an ingress of the optical grease between the scintilla-
tor and Teflon tape, near the ends of each rod, further deterio-
rating the TIR mechanism and subsequently compromising the
detector’s overall performance.
4.3. Position resolution using relative charge (AB ratio)
In Fig. 15 the effective attenuation length, which includes the
effects of the intrinsic attenuation length of the scintillator and
reflectivity loss at the surface of each rod segment, was calcu-
lated from the exponential fit to the light output as a function of
z position from each of the SiPMs channels.
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Figure 15: Total charge collected on SiPM A (B) as a function of distance from
the SiPM A (B).
Fig. 16 shows a series of measurements of the AB ratio as a
function of the z position using collimated gamma rays from a
137Cs source. A linear fit is shown with a slope of −0.034/cm.
We use this fit to determine the z position of each event in the
detector. The position uncertainty as a function of energy is also
shown in Fig. 17. We find the position uncertainty to be ∼1 cm
at 1 MeVee. Some continued slight reduction of uncertainty can
be anticipated for higher energies.
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Figure 16: The fraction of total charge in SiPM A as a function of z posi-
tion (AB ratio) using collimated beams of 662-keV gamma rays from a 137Cs
source located at various z positions. Note: The error bars indicate the width
of the Gaussian fit to the AB ratio curve (see Fig. 11), indicating the position
resolution on an event-by-event basis, not the uncertainty of the mean.
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Figure 17: Position resolution as a function of energy obtained using a colli-
mated 22Na gamma-ray source aligned with the center of the detector (z = 0).
5. Particle identification
5.1. Pulse-shape discrimination
Sensitivity to differences between neutron and gamma-ray
interactions via differences in signal pulse shape is an important
metric for antineutrino detection and background reduction. In
this work, relative differences in pulse shape were quantified
using the ratio of the tail charge to total charge, as shown in
Fig. 5. The timing cuts were determined via an optimization
using a figure-of-merit (FOM) calculated over a broad range of
potential Qtail and Qtotal time ranges. The FOM was defined as
FOM ≡ µe − µn
FWHMe + FWHMn
, (7)
where µe(µn) and FWHMe(FWHMn) are the mean and full
width half maximum values of Qtail/Qtotal, for electrons and
neutrons, respectively. The resulting optimal time ranges
for tail-charge and total-charge integration times are given in
Eq. (3) and Eq. (4).
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Fig. 18 shows Qtail / Qtotal after optimization as a func-
tion of electron-equivalent energy for a 6-µCi 252Cf source
shielded behind 15 cm of lead to reduce the gamma-ray com-
ponent of the flux. On average, per fission, 252Cf emits about
7.8 gammas and 4 neutrons [34]. Mean gamma energy is
0.88 MeV; neutron — 2.14 MeV. The source was located at
z = 0, 20 cm from the detector. Also shown in the inset fig-
ure is a 1-D plot of Qtail / Qtotal integrated over all energies
greater than 300 keVee. The optimized FOM as a function of
energy is shown in Fig. 19. The visible energy for neutron
capture is in the range 300−500 keVee for 6Li-doped plastic
scintillators [28, 29]; thus, it is important to achieve good neu-
tron/electron PSD in that energy range. Moreover, we also note
that the PSD is better if only one rod with a maximum light
output for a particular event used in the analysis, shown in red
points in Fig. 19.
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Figure 18: Neutron/gamma pulse-shape discrimination from a 252Cf source,
based on tail/total charge analysis using the full 64-rod module. Main plot: a
distribution of events as a function of Qtail/Qtotal and total energy. Inset plot: a
distribution of Qtail/Qtotal with total energy above 300 keVee.
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Figure 19: The figure of merit (FOM) as defined in Eq. 7 for discriminating
between gamma-rays and neutron scatters in the prototype detector for a variety
of energies. Black — the PSD distribution calculated from all the hit rods (as
in Fig. 18); red — the PSD distribution obtained from the single rod containing
the maximum signal in each event.
We note here that these results may represent the first pub-
lished report of pulse-shape sensitivity from fully-instrumented
64-channel SiPM arrays coupled to plastic scintillator. Until
now, most 64-channel readout boards have been of the fast out-
put (differential) variety [35]. PSD in plastic scintillator or stil-
bene, using slow (non-differential) readout boards, has been
previously reported in single-channel or summed SiPM read-
outs [36–38]. For SANDD, the full 64-channel SiPM pulse-
shape sensitivity reported here appears to be adequate for an-
tineutrino detection. However, improvements may be achiev-
able in the future with some further optimization of the readout.
5.2. Rod multiplicity
The PSD parameter in Fig. 18 was used to select sepa-
rate populations of gamma-ray- and neutron-scattering-induced
events for this study. At energies greater than ∼1 MeVee, the
population of gamma-ray events tends to deposit their energy
across more than one scintillator rod, as illustrated in Fig. 20(a).
This is because electrons deposit their energy over a longer
distance in the scintillator than protons, thus traversing mul-
tiple rods. The population of neutrons tends to primarily de-
posit their energy within a single rod. This multiplicity effect
will also be used to further discriminate between neutron and
gamma events in the SANDD detector.
Fig. 20(b) shows the fraction of neutron- and gamma-like
events with rod multiplicity>1. Most neutron-like events have
rod multiplicity=1 (92%), which is fairly constant with energy.
In contrast, the gamma rays produce higher multiplicity events
more often, and at a rate that appears to depend approximately
linearly with energy over the range of energies examined here2.
6. Conclusion
A fully-instrumented 64-rod prototype detector, instru-
mented with two 64-channel SiPM arrays and a 128-channel
individual-waveform readout system, has been built. A spe-
cial PSD plastic scintillator was synthesized as a part of this
effort. The detector’s full 128-channel readout produces neu-
tron/gamma PSD sufficient for use as an antineutrino detector.
The FOM at particle energies &300 keVee is equal to 1.1 for
this prototype detector.
We performed a variety of tests with different configura-
tions and using different radioactive sources. We tested individ-
ual large aspect ratio Teflon wrapping, amplification combined
with lower SiPM bias voltage, differential and non-differential
SiPM readout. Our tests showed that Teflon-wrapping is not
necessarily the ideal way to maximize light transport along each
of the high-aspect-ratio scintillator rods.
In the near future, we plan to upgrade the plastic scintilla-
tor to a 6Li-loaded formulation at length scales approaching 40
to 50 cm. After that, we plan to surround this module with
larger scintillator bars of cross-sections 2.5 cm × 2.5 cm and
2.5 cm × 5 cm, in readiness for a deployment at a nuclear re-
actor. The full detector (SANDD) will contain approximately
2It is likely that cosmogenic muons are some fraction of those high-
multiplicity gamma-like events at high energies.
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Figure 20: (a) Probability distribution of rod multiplicity for gammas and neu-
trons (for energies >1 MeVee). (b) The fraction of events with multiplicity≥2
as a function of energy (for energies >300 keVee). The neutrons and gamma
rays were selected on the basis of their pulse shape from 252Cf data: 0.55 <
Qtail/Qtotal < 0.59 – gamma rays, 0.61 < Qtail/Qtotal < 0.68 – neutron scatters.
10 liters of 6Li-doped PSD plastic scintillator, and will be a hy-
brid, instrumented with both SiPM arrays and PMTs, as shown
in Fig. 21.
To the best of our knowledge, this prototype is the first exper-
iment to report PSD in a fully instrumented SiPM array coupled
to plastic scintillator. This work may open new possibilities in
the field of compact neutron-imaging applications and reactor-
antineutrino directional detectors.
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